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ABSTRACT 


A retractable propulsion unit was designed and built 
for installation in a high performance sailplane. This 
unit will provide self-launching capability and at the same 
time maintain the soaring performance of the sailplane. 

In the design presented here, the motor remains fixed in 
the fuselage and only the propeller mounted on a pylon is 
extended for powered flight. 

A 23 horsepower engine driving a 4 1/2 foot diameter 
propeller by means of a timing belt drive with 2:1.speed 
reduction would give take off and climb performance better 
than minimum specified by Organisation Scientifique et 
Technique Internationale du Vol a Viole air worthiness 
requirements. 

Wind tunnel tests verified the performance characteris- 
tics Calculated for this unite. ine Maxinum thrust sto power 


ratio was found to be 9.7 pounds per horsepower. 
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CHAPTER I 


INTRODUCTION 


Gliders were first used as a stage in the develop- 
ment of powered aircraft. For example the Wright brothers 
built and flew a glider before they added a motor. In 
that sense their first aircraft was a powered glider. 
Development of powered aircraft and sailplanes followed a 
divergent path after that. 

Modern sailplanes are very efficient and have good 
handling characteristics that make them a delight to fly, 
but they have a major disadvantage that places limitations 
on their use. They have to be towed by an aeroplane or 
winch and are unable to return to the base 1f thermals 
should prove uncooperative. The use of an auxiliary motor 
for self-launching would greatly extend the utility of a 
Sailplane. 

A self-launching sailplane combines the convenience 
of operation of powered aircraft with the desirable fea- 
tures of the sailplane. This would greatly increase 
ULitization ana opportunity for cross-country flight -com- 
pared to the "pure" sailplane. It would open up the sport 
of soaring to many who enjoy flying but cannot afford the 
investment of time necessary to fly the conventional sail- 


planes. A competition pilot could use it to gain experience 
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and practice cross-country tactics. Moreover, motorgliding 
WOuUTd™= Cut “down Ene COSt oO Gets spar considerably, 

Though motorgliders are being used in increasing 
numbers in recent years, their uses apart from the train- 
ing role have not been developed very much. Some exceptions 
that may be noted are Nelson's Hummingbird, Motor Nimbus-2, 
SF-27M and ASK-14. 

The Motor Nimbus-2, the SF-27M and the Hummingbird 
have retractable fropulsion units which fold inside the 
fuselage behind the cockpit, while ASK-14 has a full feather- 
ing propeller mounted at the nose, as itvis in conventional 
arent. 

This thesis presents the design and development 
of an experimental unit which will power a two seater 
research vehicle, "Gemini". This unit employs a 27 horse 
power, two stroke engine and a 54 inch diameter propeller. 
The propeller retracts behind the cockpit. This unit was 
tested in the low speed wind tunnel, to investigate the 
reliability of the complete unit and to measure thrust 


developed and power consumed. 
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CHAPT ER, ol I 


MEANS OF PROPULSION 


The following means of propulsion have been used 
to propel the gliders: 
Tee FROCKEL 
i wrt 1 by od oe 
Titi. « turbojet 
iv. Ducted Fan 


Vv. Prope lier 


Calle eROCKeL (eng ine 

PMhestinrst-use of rockets to “propel ‘a. glider was 
made by Fritz Opel, about 40 years ago. The early tests 
did ‘establish the: feasibility of this method of glider 
launching, but rockets are not economically competitive 
with other means of propulsion. 

Solid propellent type rockets can be very small in 
Sazevand MA ght im weight for suTficient thrust:to launch 
de Gliders neir—operating time is usually. 10 to ls seconds 
and their thrusters not control lapie. 

On’ the other=hand. atypical liauid-Tuel rocket 
installation, Gguiping: 18 gallons. of monopropellent ain five 


Minutes. Can dives VOU pOUnGS: Of Static. thrust. Uhus consun- 
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ing about 160 pounds of fuel and leaving about 35 pounds 
of powerplant hardware. 

Hohe fuel icost foftsets vhes lowoinitidagg costmeorf 
the hardware. Moreover, because of high fuel consumption 
the range is limited to very little more than a single 
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A pulse jet engine, operating on LP gas, can pro- 
CucemuUD. CO SOMDOUNdS, OF Static, ThyUSt.e,it has incitan. 
Slarcuncapabi li tysand ,1Sycontrol lable fron SOs clo, WOO percent 
theusv. “lve world War bl «buzz bomb” its a ‘well known 
example of the use of a pulse jet engine. 

The following disadvantages render it unsuitable 
fOureEhe DuURpCOsSe Oh prop sion oF aoclidecs “btlhas -auhbagh 
rate Of ‘Tuel consumption vend it’ isyextremelysnoisy.4 Lhe 
aft fuselage and tail surfaces must be kept clear of the 
hot jet wash. A pulse jet engine is bulky in size, so 


Cannot be retracted in the fuselage. 


Goheds [uybolebarnaine 


The turbojet engines too are not suitable for the 
gliders. 

A major disadvantage of the turbojet engines is 
its relatively high fuel consumption rate, of the order of 
1.5 pounds per pound thrust per hour. Range would be 


limited by the weight of .fuel that..could be carried... The 
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propulsive efficiency of a turbojet engine increases with 
flight speed. Since the flight speed of gliders is much 
below that at which the turbojet engines start showing 
good efficiency, the propulsive efficiency will also be low. 

Small turbojet engines suitable for the gliders, 
are not readily dvatlable “and the “high tnitiaf’ cost Ts va 
further disadvantage. 

Turbojet engines have been used on Caproni A-21J, 
Heinkel Grief, ASK-14 and Huelter H-30TS, but only on an 
experimental basis. Production aircraft are not being 
made available with turbojet engines, probably because of 


the disadvantages listed above. 


Coles. OUCtTeEd han 

A GUCTEG Tan provides nrgner=stasic, thrusc tian -a 
propeller of the same diameter, but it cannot be retracted 
inside the fuselage, thus it would cause the power-off 
soaring performance to decline considerably. 

A ducted fan called SG-85, weighing 123 pounds, 
has been developed for quick installation on gliders. It 
delivers over 90 Hounds of Static thrust. Flight tests of 
this unit on a Blanik have shown the power-off glide per- 
formance to be poor due to the drag of the non-retractable 
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A propeller provides an efficient means of propulsion 
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over the speed range of high performance sailplanes. It 
Of ersehign static thrusteewoich’ is. quite desirable for 
Operation from Gqrass fields. elt offers the advantage of 
being able to be feathered or retracted for low drag glid- 
ing operation. 

A relatively low cost piston engine can be used 
to drive the propeller. The power to weight ratio of such 
an engine is about 0.5 h.p. per pound, and its low fuel con- 
Sumption rate would allow economical operation of a motor- 


qliider. 


2.2 Conclusion 

Considering the above discussed means of propulsion 
on the basis of power-off glide performance, performance 
over a suitable range of forward velocity, fuel consumption 
rate, initial cost and availability, it was decided to 
develop a system employing a propeller and a piston engine. 
A suitable propeller and engine can be matched to give 
optimum performance over a fairly wide range of air speed, 


from best climbing speed to cruising speed. 
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PROPELLER-PISTON ENGINE CONFIGURATION 


Configurations with piston engine-propeller propul- 
sion units that have been used are; a nose mounted engine 
similar to that used on light aeroplanes, a fixed propul- 
sion unit mounted on a pylon near the center of gravity, 
andra yeeractap ve propulsion Unvlaretracting into a’space 
inethewatt fuselage behind. the .o1lot.1 A- fourth possibility 
is a propeller mounted at the tail, driven by an engine 
mounted near the aircraft center of gravity. 

A completely retractable propulsion unit is needed 
in the case of a high performance sailplane to avoid loss 
OT performance ih unpowered flight. This. configuration 
has been used on a number of motorgliders. 

The propeller may be coupled to the engine either 
directly or through a speed reduction drive, and the entire 
motor and propeller unit is retractable. While keeping 
the motor and propeller in a single unit has advantage of 
Simplicity, it has some serious disadvantages as’ well. | it 
would require wide cut out in the fuselage, and the move- 
ment of heavy weight of the engine would displace the 
center of gravity back and forth. Forces needed to extend 
the motor may require a hydraulic actuator or complex 


mechanical system. 
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Since the whole weight is mounted at the end of 
the pylon, it would require heavy support structure. High 
engine speed would restrict the diameter of the propeller 
tone relatively sinall sizes thus. offering low efficiency 
of the propeller. 

Another drawback of this configuration is that the 
time for conversion from unpowered to powered flight is 
fairly long, and the engine could be started only when the 
pylon is fully extended. This operation gives a little 
feeling of insecurity as the engine may fail to start and 
the drag of the extended propulsion unit will result in a 
sharply eincreased rate of sink. 

The disadvantages noted above could be avoided if 
the engine is fixed in the fuselage and only the propeller, 
mounted on a suitable pylon, is extended for powered flight. 
The movable weight is reduced by about 70 percent, and 
the width of the cut out in the fuselage would be small. 

This configuration requires a coupling between the 
engine and propeller drive. A centrifugal clutch would 
peoVide a suitable type of couphing and in addition it 
offers the advantage of allowing the engine to be started 
before the pylon is extended. If the engine fails to start, 
the pylon need not be extended, thereby avoiding any addi- 
E10nel draq. 

The design presented here was tailored specifically 
for the two place sailplane Gemini, which is described in 


Reference 3. 
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CHAPTER IV 


POWER REQUIREMENT 


Power required for the flight mode of an aeroplane 


as shown in Figure 1 is approximated by the following 


equation [1]: 


Ways Cos. 0 L 
Ped. = L/D Cos 6 (el a D Cos’ ® Tan o/b o0R leeepe 
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Considering straight flight without banking, and 
shallow angle of climb, less than 13°, the above equation 


was modified as: 


Eres SON ere Versuinec)):/ 5 5 Or. hs ps 


where D = glider drag in level flight + pylon drag 
C 
: D ] i 
See taf OC, VIA 
8 
] 


Cy, = 1.2, pylon drag coefficient cet 


Reise becG oe pylon frontal area. 
Writing V Sin @lasi v..oclimb-rate-in ft/sec., the expression 
for power required was written as (DV + Wv)/550, h.p. 

For calculation of drag of the Gemini, the values 
of C H/C, were obtained from its Glide Polar Data given in 
Appendix I [3]. 

Figure 2 shows the variation of total drag of the 
Sailplane and the pylon, as a function of forward velocity, 
at 2,000 feet above sea level and 70°F air temperature. 
Figure 3 shows the thrust horsepower required for different 


climberetes ,.aSta aimiation. oT womward velocity. 
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CHAP ILER -V 


PROPELLER 


Froude's momentum theory of propulsion shows that 
the highest propulsive efficiency is achieved with the 
largest practicable propeller diameter. In the present 
case, the diameter of the propeller is limited by the 
Space available inside the fuselage and by the condition 
that the tip veloct-ty be Ttimited to ‘approximately: 0.75 
times the speed of sound. A 2:1 speed reduction allows a 
propeller speed of 3,000 rpm giving a tip Mach number of 
Onocestorsa 54 Tnch diameter propel ler: 

Biade element theory combined with momentum theory 
[4] was used to calculate the propeller characteristics 
shown in Figure 5. -— This theory permits a direct calcula- 
tion of the performance of a given propeller, or can be 
used to design a propeller to achieve a given performance. 
Figure 4 shows the velocities, angles and forces on a 
blade element of length ér located at radius r. From 


Figure 4 
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FIGURE 4. BUADE ELEMENT 


C 
~6D@ 2 44D 
US baer ig le Con) 
Lift of the element, 6L = 5 Bi ce OO ve Cis and drag of 
the element, 6D = 5 Bice OVO ve Cy: The thrust component 


of the element is: 


67 = 6L Cos 6 - 6D) Sin @ 


and the torque force component is: 
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Simplifying the thrust component, introducing solidity, 
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Serra and SUDSTITULING 10” Cy from equation 5.1: 


siren Madge age ve C. Seco yueosue COs y= Sino. Sin: ¥) 


= Yr © 6 ve C) Sec y Cos(¢ + y+) 


For moderate angles of attack of the blade sections, Tan y 
isxsSmavbetabotutadsO2ufor byPe=t50: 1 Quand therefore 


Sec y = 1. Thrust Grading is given by: 
gL =ar 6p VEC, Cos( + ¥) (5.2) 
and similarly Torque Grading is: 


d i 
ee yi, re 6-0 ve C) Sin(o + y) (oro) 


considering tne axial momentum of the flow through the 
annulus. “Thrusts “se equal. cto the sproduct ofr rate mass 
flow (m) through the annulus with the change in axial 


velocity (SV) 
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21 YT bYyeoeee! +a)2 a V 


ze a ="“4 Torr ye a(1 + a) (5.4) 


Comparing the- equations 5.2. and), 5.'4:: 
] 2 
isa 7 oo Cf, Cos(o + y)Cosec” ¢ (5.0) 


Next considering angular momentum: Aw is the change in 
angular velocity of air passing through the annulus and 
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(2 7 r 6r)[p V(lta)](2 b w)r 


90 Lag reo Vv bt1 + ado (5.6) 
Comparing equation... to: 5.6: 


ltbe > Oo Cy Sin(o + y)Cosec,2¢ (5a) 
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The lift curve slope of the propeller blade is calcu- 
lated to be 0.1 per degree [4,5]. The compressibility effect 
changes this by a factor 1/VT=M¢ , given by the Prandtle- 
Glauert correction, provided M < 0.75. In the present case 
the maximum Mach number is 0.62, therefore the above correc- 
tion is applicable. 

The propeller blade was divided into nine elements, 
each two inches long, from a radius of nine inches to the 
Gip 

The following procedure was used to calculate the 
thrust developed and the power required by each element. 

1. ‘Assume a = 0.7 and b= 0..01. 
i. Welues; of <¢, Vp> C) and a are calculated, 
applying the compressibility correction. 

iii. aand b are calculated with the help of 

equations 5.5 and 5.7. These new values of 
a and b are compared with the assumed ones 
imesiep vii), [rf ithemdifference- exceeds 


Ayo) 


, the process is repeated with new start- 
ing values taken to be the mean between pre- 
vious starting values and calculated values 
Offa and b. 

iv. WStmoeequations Sacwdma 5.2, stnrust. ordd tid 
and torque grading are calculated. 

v.. The above steps are followed for each of the 


nine elements. Graphs are plotted of thrust 


grading and torque grading versus radius. 
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The area under the first curve gives the 
total thrust: of the blade, and that under 
the second curve gives the torque required. 

A computer program was developed to do the iterative 
computations for Values of a and’ b. This theory holds good 
imine range s0sr5 40 <M, 1.e., the jarlow velocity vs post- 
tive and smaller than the forward velocity. The thrust 
curve between zero forward velocity and the velocity at 
which a approaches 1, is extrapolated so that thrust varia- 
tion with velocity is approximated by the following equa- 


tione| ol: 


dit A ee ral Op (5:8) 


where Tp is the thyuet at. zero. Perwardé velocity, Vandre, is 


the thrust at VY feet per second. | tz tsa) constant. 
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CHAPTER VI 


ENGINE SELECTION AND TESTING 


The weight of the engine usually constitutes 55 
to 60 percent of the total weight of the propulsion unit. 
Therefore suitable selection of the engine is very import- 
ant to keep the weight of the whole unit down. 

According. to Figure 3, 25 horsepower is needed for 
asclimb rate of 500 feet per minute at 55 knots. If the 
propeller efficiency is assumed to be 70 percent, the 
engine power required is 36 horsepower. | 

Two cycle, two cylinder small engines (25 to 50 
horsepower) produce peak power at 5,000 to 6,000 rpm, 
thus requiring a speed reduction of about 2:1 at the pro- 
peller. Snowmobile engines and motorcycle engines provide 
a good variety of such engines. The Wankel engines have 
some advantages over the piston engines in terms of vibra- 
tions and compactness, but piston engines are readily avail- 
able while a suitable wankel engine could not be obtained. 

Motorcycle engines were not considered because 
forced air cooling of the type commonly found in snowmobile 
engines is needed for this application where the engine is 
internally mounted. 

A two cylinder, two cycle KOHLER 4402AX engine was 


selected. Specifications for this engine are given in 
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Appendix III. 

Proper tuning of the exhaust system in two cycle 
engines is quite important. When the exhaust port opens 
at 80° bBDC,* a pressure pulse travels along the exhaust 
pipe. -At-the end of the exhaust pipe, it ws -reflected 
back as a rarefaction wave. For good scavenging and pulse 
charging, this rarefaction wave should reach the port when 
Vice piston 1S in the vicinity of be. Accordingly; an 
optimum length of pipe was found to be 22 inches, for the 
engine to operate at 6,000 rmp. This length would increase 
for lower speed operations. 

Figure 6 shows the comparison of the measured 
power with the manufacturer's rating of the engine. The 
measured power output is considerably less than the adver- 
tised one. 

The following formulae was taken from SAE TEST 
CODE J607, to find? the correction factor foraconrec hing 


the rated power for existing conditions: 


Bota 520 
460 + t 


B = observed barometric pressure in inches of Hg 
E = water vapour pressure in inches of Hg 
t = carburetor air temperature in F. 


The correction factor K was foullnd to be 0.886 for 70°F and 


LS 
bBDC - before Botton Dead Center. 
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the barometric pressure of 27.5 inches of Hg. 

According to the test code, the engine should pro- 
duce 85 percent of the rated power till it is run-in. The 
engine, after run-in should produce not less than 95 per- 
cent of the rated power. 

The maximum power measured at 6,000 rpm, was 12 
percent less than the rated power. Though the engine was 
run for about 15 hours; at hadenot been fully run-in. 
Therefore, the power output was within the limits prescribed 
in the test code, but the power peaked at 6,000 rpm instead 
of 7,000 rmp as advertised. Any specific reason of the 
discrepancy between the peak powers, could not be esta- 
blished. 

From Figures 5 and 6, we see that the motor will 
not produce enough power to turn the propeller at 3,000 


rpm at flight speeds below 70 knots. 
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CHAPTER VII 


DESIGN OF THE RETRACTION MECHANISM 
AND THE COMPONENTS 


7.1 General 

The simplest retractable mechanism can be a hinged 
pylon carrying the propeller at the free end. The pylon 
may be raised or lowered with the help of a hydraulic 
system. There is a major disadvantage in this type of 
mechanism. It requires a long cut out in the fuselage, at 
feastvequal to the diameter on the propeller. This opening 
in the fuselage would demand reinforcement of the struc- 
ture. Moreover, in Gemini there is a main bulkhead which 
Joins the tail cone tothe mainf body (kigure 7). Tt is 
undesirable to cut this bulkhead in order to keep its 
strength without adding any weight in reinforcement. 

A system shown schematically in Figure 7 was 
devised to keep the opening in the top of the fuselage 
short. The lower end of the pylon is driven along a guide 
track by a 12 VDC motor driving a pinion through the reduc- 
tion gear ra promode30: 1. The pinion’ runswon. a rack laid 
on the guide track. This mechanism allows the cut out to 
be only a little longer than half of the propeller diameter. 

A Limiteswitch stops the pylon. in the final verti+ 


Cal position anda spring loaded Jjatch (Figure 3) locks 
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Timing Belt 


Retracted Pylon 


Propeller 


Slider Bearing 


_ ee 


—— 
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——— 
Guide Track 
12 V.D.C. Motor 


Pylon Base 
Extended Pylon 


Figure 7 , Schematic Diagram of the Propulsion Unit 


25 


, = 7 ae 
Ea | — r — _ ia... d : - 7 SM 
a ee 


PP <aa pe - 4 > . : a 


_ 
ee -— ~*~ f 
» Pegi, = — _—_ of a ; 
ee DS ota 
ee 2 — a i, | a 
a ae st i thin, eh ih a 
— — a ten le = = — 2 a 
{ Rs! ie, — yy 4 


. ‘ Ht ~-fforul lepyt Tint 9D besa 


ee =I i ¢ 


\ ener <= 
Ris ely st ES eee Me, - 
~ “ a en _ 7 
a te a orien : > rr 
— —“ : 
ae is a 
mo 


1 wa@ 
~ , & rs 


~ atieqo?49 


oo ‘oidugorS 


0 SPINS OREO "LATOR )PYLION™: 1S 
LOCKED IN UPRIGHT POSITION 


FIGURE 8 


FIGURE 9 , PHOTOGRAPH SHOWING LOWER 
SPROCKET COMING IN TO COVER CENTRIFUGAL 
CLUTCH 


ay. 


the pylon, ine ehis= position.a  tneorder’ to have no anter= 
ference between the drum and the rotating shoes of the 
elutch, thevinitial radial ‘cleayance 24/4" Seine profile 
of the guide track was modified so that during insertion, 
the drum forms an arc about the pivot point of the upper 
support of the pylon. Figure 9 shows the lower sprocket 
(containing the clutch drum) coming in to cover the centri- 
fugaly clutch. 


Figure 10 shows an exploded view of the pylon. 


7.@ @Pyton 


The plyon which carries a maximum load of about 
250 pounds of thrust concentrated at the free end, was 
designed to deflect no more than 5/16" under 250 pounds 
load. 

Using the Dummy Load method [6], the deflection of 


the free end of a beam of uniform cross-section is given by: 


where u Total length of the pylon 
ha = Distance between the two supports 


Lo = Distance from the upper support to the free 
end. 


The maximum moment of inertia of the cross-section 
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Figure 10 , Exploded View of Pylon 
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needed to meet the above requirement for deflection was 


found) to-wbe 0757 ican 


A uniform cross-section as shown 
in Figure 10, was chosen for simplicity and high torsional 
stiffness. Its moment of inertia about X-axis was 1.113 
inch." 

The static foad=@testing, indicated a deflection of 
0.16 inch under 250 pounds load, in agreement with the 
equation stated above. 

The weight of the pylon was 14 pounds. Lightening 
holes and slots were milled out as shown in Figure 12, to 
reduce its weight to 10.25 pounds. The free end deflection 


was. found to bes0.29 inch junder 250apeunds load, which 


satisfied the design criterion. 
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plate 
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Figure 13. shows the details of the slider bearing 
which provides the upper support for the pylon. The maxi- 
mum Torward. load at this support is 750 pounds, about 
three times the maximum thrust. The cam followers Ry» 

Ros Re and Ray take up the forward load. Each one of them 
1S Capaprenof carry ings ipounds. of ‘statie. 1 oad}. 
R 


The cam followers R Ro and Re take up the 


oe eee: 
drag load and Rg» Rag: Ray and Rio take up the transverse 


load of the pylon. 


7.3 Centrifugal Clotch 


Basic considerations: 
1. athe iyeuGtion material ts asbestos brake lin- 

ING..d1Vimg a COETTICIeRt of Firiction of 
0.32 when acting against the cast steel drum. 
The asbestos is chemically bonded to the 
mild steel shoes. The maximum allowable 
temperature is 475°F. 

ii. The interface pressure at any point is pro- 
portional tosthe vertical distance (71 trom 
the hinge pin (Figure 14). The maximum 


pressure [p ] occurs at 90° from the hori- 


max 
zontal line. 

111. \The basic dimenstons: of ‘the. shoe were limited 
by the space available. The initial radial 


clearance between the shoes and the drum is 


1/4" to prevent interference as the drum is 
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Figurel3 , Slider Bearing 
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moved over the clutch. 
iv. The smooth idling speed of the engine is 
1,400 rpm. The spring force should prevent 
the shoe from flying outwards, below 1,400 
rpm. 
Ve-erne-static analysise[7]-would give,the fol low- 
ing data: 
(a) Interface pressure. 
(b) Maximum horsepower transmitted without 
slip. 
(c) The speed at which the shoes just engage 
with the drum. 

Iterative calculations were done to arrive at the 
appropriate basic dimensions of the shoe so that the horse- 
power transmitted by the clutch is matched to the power 
requirements of the propeller. 

The following dimensions were determined in accord- 
ance with the above considerations: 

Insidej/ radius of thei drums-R =M1.58 inches. 


Locations ot the/mingeipin, % 26079 Rinches from 
the center. 


Width-orAthe friction surface.) wes 07/75 aAnches. 


Angles of the friction material, subtended at the 
center were (Figure 14): 


By = 39°. and 8» = 106° 


Total number of shoes = 3. 
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FIGURE 141, CENTRIFUGAL CLUTCH WITH 
SHOE IN CLOSED POSITION 
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FIGURE 14, SHOE IN ENGAGED POSITION 
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Weight of each shoe = 0.190 pounds. 


Maximum displacement of the spring = 0.3 inches 
along the line AB in Figure 14. 


Moment arm of the spring force, d = 0.85 inches. 
The following forces are involved when the shoe is engaged 
with the drum and transmits torque. 

1 Normal TOorce atethe interface. 

11. -PElCtaOnadorce tangendaal, to tne surtace. 
ifine sCemtratugal force acting Yadially outward. 
ive. opring force along. the,']ine AB. 

Considering an element of area w x R x d® at an 
angle 8, the moments of the above mentioned forces, about 
the hinge pin were obtained. Their simple integration 
from 8 = 39° to 6 = 106° yielded the moments of these forces 
on the whole shoe. 

The spring force needed to keep the shoes folded 
at idling speed was estimated by balancing moments about 
the hinge pin due to centrifugal force with those due to 
the spring force. 

The springs selected had a spring constant of 20 
peunds/inch., “Adilowing for initial spring tension with the 
Shoes retracted, the following equation for maximum inter- 
face pressure was derived by balancing the moments when the 
Shoe is in the engaged position: 
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where Drage is the maximum interface pressure and N is rpm 
of the clutch? 

Maximum torque transmitted per shoe was obtained 
by integrating the torque due to friction over the length 
Of the snoem rome = 69° 8to o5= 106°. Thevresultingmtorque 


was 


te “0.59155 x p lb-in. 


maxX’ 
Therefore the maximum power transmitted per shoe is given 
by: 

5 


P = 0.9386 x 10° x N x pao oath pt 


Table 1 was prepared with the help of the above 
equations. Figure 15 shows the comparison of the power 
transmission capability of the clutch with the engine power 
available and with the power required by the propeller. 

The speed at which the shoes just engage with the 
drum was calculated to be 1,585 rpm while experimentally 
it was found to be 1,550 rpm. 

The maximum hinge pin reactions are computed by 
summing Up the components of all the forces, inex and Y 
directions. The resultant reaction on the hinge pin at 
5,000 rpm was calcutatredsto*bepcoGs pounds. his reaction 
Caulses “a shea Ggestpesspon 3,500 psa ina, hinge pin: Ofip/ 16" 
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7.4 Power Transmission 

The power is transmitted by means of a timing 
belt drive with a speed reduction ratio of 2:1 at the 
propeller shaft. The use of timing belt eliminates the 
initial belt tension that would be needed with Vee belts, 
thus reduces the radial load on the bearings. 

The width of the timing belt was limited by the 
width of the sprocket, which was limited to two inches by 
Space available for the retraction mechanism in the glider 
fuselage. 

AeMonsestiming belitywote ly 22. pitches .andw2..ewindth 
(complete specifications; 100PL-1000H-200) was chosen. 
According to the information in Morse Catalogue CSP-/74, 
this belt is capable to transmit 43.64 horsepower at 6,000 
rpm. Since the maximum power available from the engine is 
c/ NOYSepowe ram onee hin imuUnenaccCOgmOtasareiy, 15 1.61> A 
safety factor of two is recommended for industrial use, 
but since the engine will not be operated continuously at 
full power the safety factor of 1.61 is acceptable. 

The smaller sprocket was obtained mokay and the 
bigger one was custom built out of aluminum plates to save 
weight. 

Maximum shear stress in the propeller shaft would 
be. 4,600 psi. Mingamtransmisstioneshatt, the torsional 
deformat on should be limited to 1 degree in 20 diameters 
[8], while in the present case it is 0.87 degrees in 20 


diameters. 


= =e, 


onimfty 8 Te sone yd bows re as 


aia 


siz i6 [2:8 Te OfsS7 not oubs ik 


a 


rs ve 


ony essanimits 318 od ontwhs 0 7 ont et 
etisd s8V ddtw bebben 3d bTuow JBF 18 nofensd Mf 

.epatyesd afd no baal tan is 42 | 
dit yd botimit eew tfed pata? Gam ro date aT 
d zefsat ows of battar? 26ew AOrae tessa oe “rr 
a eee 


cs a] 7 : 
nf meTnsdoem nofttos iss, 682 ae? ¢ td bi FG 


In 26 (O08 -HONO! - 4aOF noe 


M\-92) supolsss) sevem mi aoftemornr ‘edna 
ie) 

— - ; ra. irs 

igs ; re J(mM2nervs OF. 2He dsqp3 ‘at 

ars 


fF safons and mont ofdeltaevs Yewoq memnrxem oid § 
18.72 vistse to veltas? aum@tnta sag, rr 


.oeu fatrteubnt vot babwammesen SF ows to % 
Us 
: to 
syounTInos betsyveaqo sd ton Litw entens | 
ss ef fa. to yodost vistse 


ray 
efit bas vilssof bantfsido 26W tet20%02 aolieme eat 
nt 


(se 03 29tslq muntmuls to suo titud motzun 2ew no Spy 
, v. 
: - oe 


o : 4 
y i 


biwow Fiede rellsqorq sft nf vaste bh ane sits fxs + 


fanotev0d edt \stade nota tmaneys. 6 nl Prin 
2issemetb OS at sevgad [ of beatatt 24 biuoda | 


| "e 
7 OS at 29o%pob Rae t shane ‘aah q oe 


4) . 7 ay Piy se! . 
Da aie d) Sham af | Ta 
i A , 


FIGURE 16, PHOTOGRAPH OF CENTRIFUGA 
GI Be ae 


FIGURE 17, PHOTOGRAPH OF DRIVE SYSTEM 
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Torque is transferred to the propeller by four, 
1/4" diameter steel bolts. The maximum shear stress in 


each bolt would be 2,000° psi. 


Tao *SUuppOrE st eucrurevandeendine Mount 


The support structure (Figure 18) is made from 1 inch 
O20. and O;035.rncn wakl threkness:, 4130 aircraft isteel 
tube. This structure takes up a maximum forward load of 
about 750 pounds through the upper support, and also it 
supports the weight and reaction torque of the engine. It 
transmits the load to the fuselage through a 1 inch square 
steel tube which goes horizontally around the main body. 
A theoretical analysis of this structure could not be done 
because of its complex shape. 

The engine is mounted on two heat treated spring 
steel strips. During the test runs, these strips were 
found to be not stiff enough. Stiffer mounts would reduce 


engine vibrations. 
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FIGURE 18 , PHOTOGRAPH SHOWING 
SUPPORTING STRUCTURE AND 
ENGINE MOUNT 
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The following parameters were measured: 
Tee Wilkeu Ss! tse 
ii. RPM of the propeller and the engine. 
dil Share eLOCILY. 


iv. Engine Power. 


8.2 Instrumentation 


8.2.1 Thrust Measurement 

Thrust causes a bending stress on the pylon, and 
strain gauges placed on front and rear faces near the point 
of maximum bending moment were used to measure thrust. 

Details of the strain gauge circuit and estimates 
of sensitivity are shown in Appendix IV. Using a four arm 
active bridge, 120 ohms strain gauges and 5.0 volts dc 
input, the range of output was calculated to be from 70 uV 
bo W2si25 ta for gohet loads range. of le pound, to 12,25, .pounds,. 
The voltage over this range can conveniently be detected 
with the help of Hewlet Packard 3490A Multimeter with 
digital read out. 


The output of the strain gauge circuit was cali- 
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brated by applying known loads horizontally through the 
center7ut the propetler-shettr. ine output was consis tent 
and free from hysteresis. Figure 19 shows the calibration 


cunve. for: thrusec-. 


Orcne SREME Measurement 

A General Radio 1538-A strobotac was used to mea- 
sure the rpm of the propeller as well as the engine. Besides 
being convenient to handle, it was used to observe any slip 


ofasone centrifugal, clutch.: The sstrobotac scale could be 


readewith anvaccuracy of +5arpms 


8.2.3 Air Velocity Measurement 


The low speed wind tunnel was used to measure the 
Variebion, of tChrustewi ti forwarduvelocery.. 

The velocity profile across the wind tunnel test 
section was measured, and found to have variations of +5 
percent with velocity peaks near the walls of up to 13 per- 
cent higher than the mean flow speed. Although the quality 
Of arrt Low/vinethtsibarges test sectione1sSano0tsasSy Goode as 
it might be for wind tunnel tests, it should be adequately 
UbiToOyM. tO givenValid test results for these: propeller=tests. 

The maximum average airspeed over the propeller 
area was 32 knots, measured with the help of a pitot 


Static tube and an inclined manometer. 
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8.2.4 Power Measurement 

Reaction torque was measured with the help of 
strain gauges placed on the engine mounting strips. The 
range of the istrarn Variation eimetnese Strips is eirom 
S0errineh/inch eto 230° PW incr/inch. Details of the™strain 
gauge circuit are shown in Appendix IV. 

The output of the strain gauge circujyt was cali- 
brated by applying known torque at the crankshaft of the 
engine. Figure 20 shows the calibration curve for torque. 

The input power can be calculated with the help of 
reaction torque of the engine and its rpm. 

Bearing losses are only about 0.25 percent of the 
total power consumption [9]. Exact information on losses 
inecuming belts tsinot-avaiiable. Amiestimate of about 
96 percent efficiency [8] was made. Thus the total trans- 
mission losses were assumed to account for approximately 


4.25 percent of theytotal power. 


S20 eres G RUNS 

The complete unit was mounted on one inch square tube 
framework which simulates the framework structure in the 
fuselage of Gemini. This test bed was anchored down to the 
floor of the low speed test section of the wind tunnel. 

The exhaust system consisted of a 22 inch long 

flex pipe, rarsibencer, a fan biowerwand*sabout 25-feet of 
3 inch diameter stove pipe. The fan blower compensated for 


the back pressure caused by the silencer and the long stove 
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pipe. This arrangement was found to work satisfactorily 
in that noise levels were low and all the exhaust gases 
were piped out of the wind tunnel. 

Throttle control of the engine was located outside 
the wind tunnel. Any engine speed could be achieved within 
+5 rpm of the desired speed over the operating range of the 
engine. The engine idled smoothly at 1,400 rpm. This is 
the maximum speed at which the shoes of the clutch stay 
FULLY closed in. 

Lest—resutlts—are—taburated—rn- Tab tex2- 

The retraction mechanism operated satisfactorily. 
When the pylon comes into an upright position, the lower 
sprocket covers the clutch without interfering with the 
shoes at the idling speed of 1,400 rpm. 

Some modifications were made following Pieaterat 
eeESets. 

The diameter of the hinge pins in the clutch was 
increased from Oe2z inches to 0.3125 inches, because’ of 
Fatlure of Ole finch diameter pins dues to facigue foading. 

The two forks which provide upper support to the 
pylon, were reinforced to take up ‘transverse load. 

The lower support for the end of the pylon was not 
rigid enough. It deflected considerably when thrust 
exceeded 100 pounds, and this caused misalignment of the 
clutch and, the drum. “Atiter reimtorcement, thts isupporet 
became fairly rigid so that no appreciable deflection was 


observed. 
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The two square tubes which provide test bed for 
the system and simulates the Gemini fuselage, tended to 
deflect laterally outward as a result of load on the lower 
Support. A tension member was welded at the end of the 
frame to check the deflection. 

Maximum speed of the propeller at zero forward 
Velocity Was found to be 2,450 rpm, and at 32 knots it was 


Coc) YD Mire 


8.4 Corrections in Thrust and Power Measurement 

Tension in the belt causes a bending moment on the 
pylon which adds to the bending moment due to forward 
thrust. Drag of the pylon causes a bending moment opposite 
to that of thrust. Therefore, the indicated thrust read- 
ing requires correction for the’ belt tension and tor che 
pylon drag. 

The belt tension was obtained from the reaction 
torque on the engine. The distance of the strain gauges 
from the thrust Jine-is 2.70 feet. “The center lane of the 
Delie1saizeo Inchesmarom, the neutralesplane of thempy on. 
Thescoerhiclenteohedrcad Or ties pyione was takeneto Der duc . 
and an expression for the bending moment of the pylon drag, 
about the center line of the strain gauge was found to be 
1.944 x ees x an where V is the airspeed in feet/second. 

Corrected thrust was obtained from the following 
equation formed by balancing the bending moments of the 


belt tension; edrag and indicated thrust, about the center 
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line of the strain gauges: 


Thrus t/ X22 ee Thrust; 


corrected) 


indicated) x 2.7 


~ ty S24 1.944 x 107° x Vv 


where t is the reaction torque of the engine, in ft. Ib., 
and ¥Y is. the jpdeechere dius eot Uchemsa aleherespnocket.. in feet. 
The losses in bearings and power transmission were 
defamed to be 4.25 percent. Therefore the actual power 
required by the propeller was obtained by ay DEAR Ne the 
losses from the total measured horsepower, calculated with 
the help of reaction torque of the engine and its rpm. 
Table 2 lists the experimental results, corrected 


thrust and corrected horsepower. 
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CHAPTER IX 


DISCUSSION 


Test runs were designed to test the reliability 
of the whole unit and to measure the performance of the 
propeller and the engine. Initial testing for about seven 
hours revealed certain weak points which were improved for 
further tests. 

The timing belt showed flutter problems at high 
air velocity and high rpm. On one instance the belt rode 
Of ches bigger. sprocket atc .c00) rom, and=s2 Knots, ofeatr: 
velocity. Fairings around the belt may be needed to reduce 
the belt flutter. 

The centrifugal clutch was supposed to transmit 
all the power requirements of the propeller above 3,100 
engine rpm. During the tests, the clutch was found to be 
Slipping at about 4,700 engine rpm, and above that speed 
the slip occurred randomly, in sudden little jumps. The 
engine Speed Waset Uctuating “Uupmtogrc crap. 

The possible reason for the slip was the misalign- 
ment between the clutch and the drum, due to deflection of 
the supports. The misalignment would reduce the area of 
contact at the trrcanon surtaces, thus: causing anjump. 10 
speed of the engine. 


The misalignment also causes fatigue loading on the 
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hinge pins. The diameter of these pins was increased 
from OV2einenes* to 0.31258inenes for that. reason. 

The misalignment can be prevented by making the 
pyhen supports fairly rigid, and also by checking the 
deflection of one support relative to the other. 

A flexible coupling between the engine and the 
clutch would check vibrations between them. 

Experimental data was established up to 2,500 pro- 
peller rpm 32 knots of air speed. Figure 21 shows the com- 
parison of measured performance with the theoretical one. 

The trend of change in thrust and power with forward 
velocity is quite similar to that predicted. The measured 
thrust is in good agreement with the calculated thrust. 

The curves of thrustyas a function. of\ forward 
speed shown in Figure 21 have been extrapolated to zero 
forward speed by means of the approximate relationship 
given by equation 5.8. |) bhe-resultingAvalues ofestatic 
thrust are in good agreement with measured values at pro- 
peller speeds up to 2,250 rpm. The extrapolated value at 
the highest propeller speed of 2,450 rpm was 9 percent 
lower than the measured static thrust. 

Standard deviation for a group of seven points on 
the thrust curves where forward velocity exceeds induced 
velocity, 1s 3.4 poumdse ipMeastvedtthrust varies within +5 
percent of the calculated values. 

Power required at higher propeller speed is approxi- 


mately 10 percent less than predicted by theory. Since 
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the maximum engine power measured was in good agreement 
with dynamometer measurements at the same speeds, the 
difference between predicted power requirements and those 
measured are probably due to approximations in the pro- 
peller theory. 

The -ettectsof changes in latt” to-drag ratios 
very small as compared to that of changes in lift curve 
Slope, For example, iat? 2,500 /oropellersrpm and=307 knots 
of forward speed, a 300 percent increase in L/D causes 4.6 
percent drop in power and about 2 percent increase in 
thrusts sy ROGUCTNG "On y Kittimeurvie > l0pem Dy (Uy percents 
from 0.1 to 0.09 per degree, produces 7.5 percent decrease 
in power required and 6 percent decrease in thrust. 

Any decrease in assumption of the value of lift 
curve slope does reduce the theoretical power required, 
but it decreases the thrust as well. If power calculations 
match well with the experimental results, thrust values 
difnier appreciably. A sulTtaDles Vanvenor lit tacuyve slope 
could be selected so that the thrust and power calculations 
are within acceptable limits of approximately 10 percent. 
[in othe presentecasen sl/US0T OC- lm andealniit cunve:s.ope of 
0.09 would bring the theoretical performance within 10 per- 
cent of the measured performance. 

The propeller characteristics provide an approxi- 
mate means of matching the engine and the propeller for 
the desired performance. Knowing the type of aerofoil sec- 
tion of the propeller blades, its performance can be cal- 


culated with good approximation. 
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CHAPTER X 


CONCLUSIONS 


Performance characteristics calculated for 
this system were verified by wind tunnel 

CES eS. 

Power available was less than anticipated 
partly because the motor produced less power 
than the manufacturer claimed it would, and 
partly because the propeller chosen had a 

too coarse pitch to allow the motor to reach 
its best power speed. However, the power 
obtained would be sufficient for take off and 
climb at better than minimum required by the 
Oss. hole Ve auneworthiness arequirenemes:. 

The pitchwor fehnespropelter. .speciit1ed by the 
manufacturer, was s0einches. “This pitch was 
based on blade angle measured from the flat 
lower surface of the blade. For Peace one 
OT propeller characteristics. tne. zero, litt 
line angle was added to this angle. The true 
pitch was about 41 inches. 

The maximum static thrust to power ratio was 


found to be 9.7 pounds per horsepower. 


The retraction mechanism worked satisfactorily. 


5/7 


oe a i nol 


{ -_ . ry - 
s bs ‘ sae a wo 
= we i) = 7 7 | 7 : cs ‘ ® 
f ‘th ‘ ; 


bed 


‘i oe, b Ms. riesdatalem 


“aF hestiettad ‘Sa ae es 
[onnud sigh al bat tiney sya $2) 


od 
A 
a ay 


US ae 
heseatoh ins nend ‘aeal z6w aldsttsy 
— = iT 


ie 

s"swoq zee! besuhavs xodeu edd ae | 
bis .bfvow $} bemtels 4970S 98 TUNSO sat neds, 

in. Saeae ne 


& bad ns2gors vel Teqotq an3 S2usaed iid 
on 
a) 


1owoq of? ,%evewoH .bosge2 ‘owed teed at 


Assay oF iotom sti wolfs oJ Hotigq e180 


ti (ae ¢ 
bis tte sdet 10% tnstot¥tue sd biwow conreyae 


( 1@% 

tet? add son? bewesea atone sbatd no scaae 

4 1) 08 te 

enotieivotss YoF .abafd edt to eJut Ne tawol all 
yy 


> i; 


‘ ues at age 
sd% vd bevtupst mumtatm neat yatise +6 darts : 
’ 60% oer 
.2inemeartupe zeantitrow vhs “V. t. Fs 2.0 a 
7 re tt ; 
ats yd sochlidi yA weffeqoxd ong to daste oat Tb | er ay 
The re > 
2ow notte etar ~2sfont Of 2aw cinusoeyunstt aa. 2 ee 


- - 7 : 


StH! ones odd. J20kd2Trsdoeve8Ho sat Faqorg to 


9u7t sHT ates atas at bebbs hae sTons ontt 


: joie ihe 
ee fh tuods aan dost 4 ; 


: AG i 5 sat 
26W einer Linens! ee saunas ards » ete hed 
: iy he eld 


+ bavot 


“i iryesostetise 
i) 


% Ve’ “ 
wi} a ie 


. a 1 uy, iL LL? 
(nO cies ll nae Da 


58 


The test runs showed that the pylon support 
structuremmust be fairly rigid to avoid 
misalignment of the clutch when thrust loads 
are high. 
vi. The time of conversion from unpowered mode 
to powered mode is seven to ten seconds, 
provided the engine is already started. 
Vi-ig elhe dey iweightgor the unit is 115 pounds. 
A fuel supply of 50 pounds would be sufficient 
for about two and a half hours of powered 
flight, ..ihesbatteryuweignt..of, abouts, 25 
pounds is in addition to that. Therefore, 
the entire system would weigh about 200 
pounds. The stress calculations for wing 
structure should be reviewed to see if the 
additional weight can be carried safely. 
Vijid sre dihes length af the cut out in the fuselage for 
the pylon is only two anda half feet, which 
is about 55 percent of the propeller diameter. 
Despate being a ssmaliecut out. itewit ll iatfect 
the strength of the aft fuselage which should 
be reinforced. 
ix. Installation of this unit would move the 
center of Graviitysor ther glider=about two 


and a half inches toward the rear. 
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APPENDIX I 


CALCULATED GLIDE POLAR DATA OF GEMINI [3] 


V 


Velocity sink c C PyJon, Drag 
PUL LSC. hein. D L Libis% 


(a) Flap Retracted 


(ee 209 0.0144 07.50 23 18 
1h0 177 0.0160 O60 19.8 
GO 145 070202 0.80 T5220 
557.5 130 020253 1.00 lela 

(by Flap Extended 
LAZ65 142 0% 01365 20 9.8 
42:0 133 0.0427 40 (SUR) 
Oe 5 ed ORO S315 W560 Fn5 
64 3s O0623 W360 Gro 
60.8 138 Ul0:7.60 2200 6230 
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APPENDIX II 


PROPELLER DATA 


Diameter - 54 inches 
Pitch - 30 inches, measured at 3/4th of radius 
Material - Birch Laminated Wood 


Propeller Blade is divided into nine elements in order to 


calculate propeller characteristics. 


Blade Angle (degree) 


Blade Element Element Chord Measured from Zero 
Radius (inches) (inches) Lift: Line 
10 4.24 24 
iz 4.20 23 
14 4.175 2g 
16 4, 0135 21 
18 3... Of 20 
20 3. Oe 19 
(AC Bie 0 18 
24 2.94 Ly 
26 2.64 16 
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Model 


Type 


Displacement 
Carburator 


Crankshaft Extension 
Ignition 


brohting Coil 


Direction ‘of Rotation 


Fuel 


Approximate Net Weight 


APPENDIX III 


ENGINE DATA 


KOHLER 440 - 2AX 


Two cylinder, in line, alternate 
TFIYIing, air cooled, two cycle 


436 CC 
Diaphragm type 


S0eNiehald Laper andank/ ay. 20 
UNF internal thread 


Low tension flywheel magneto 
with external high tension coils 


LAS Swart. Hie eV Ota Ge 


Counter clockwise viewed from 
PTO end 


Premium grade, mixed with SAE30 
2 cycle engine oil, mixture 
Vato) 


7e pounds including electric 
Stayter 


Power rating 1S shown in Bigure 6 in Chapter VI. 
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APPENDIX IV 


STRAIN GAUGE CIRCUIT FOR THRUST AND 
TORQUE MEASUREMENT 


Four arm active wheatstone bridge was used for thrust 
and reaction torque measurement. 

Five vdc was applied across the bridge so that maxi- 
mum current through a strain gauge of 120 2 resistance, 
does not exceed the limit of 0.03 amperes. 

The potential differences across CD is given by 
(page 71, Electrical Resistance Strain Gauges by Dobie and 


isaac): 


Pevos ac 
input 


Wheatstone Bridge 
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es 23S 
E = Eos Ot 
CD CR, + Ro) (R3 + Ry) 


Small changes in resistance of the strain gauges, 
becauserof_sitrains»cangbe obtaanedy fyomathe definition) of 


gage factor 


AWRe Sk Ree (2) 


where k is the gauge factor, R is resistance of the strain 


gauge and € is strain. 


Thrust Measurement 

The bending moment on the pylon changes from 32 in.-1b. 
£007 S200 oi Nel bande sa 0ad Var latTonmoh an pounautOmcco 
pounds, thus the bending stress changes between 60 psi and 
P2200 DSi. 


Longitudinal stranneis, given by: 


fo) 
" 
m|aQ 


where o is stress and E is modulus of elasticity. 

The Sttragins Varies) from 2 cinw/in' to 406° pe in,/in.. 
causing AR to change between 0.00048 ohms and 0.0976 ohms. 
Using these values and equation 1, the voltage output range 
of the bridge is calculated to be 20 uV to 4.06 mV. 


The resolution is approximately 19 yV per pound of 
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thrust. 


Torque Measurement 


Reaction torque of the engine varies from 100 in.-1b. 
to 360 in.-1b. Since the engine is mounted on two strips, 
the reaction torque for each would vary from 50 in.-1b. to 


180 in.-1b. 
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Free body Diagram of Engine Mounts 
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Bending Moment Diagram 


For bending moment between 18 in.-1b. and 64 in.-1b., 
the corresponding bending stress would change approximately 
from sc, 000spSi toe 7/7000 psik thus scausing the» straineto 
ranges fone 66. /e edt iNae CO coo Meine hh. | ipemcnange:. 1n 
resistance of the strain gauges is calculated to be from 


0.01599 ohms to 0.05592 ohms, and the output range of the 
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bridge is folnd to be from o660nV to 2.3295 mV. 
The resolution of the cicuit 1s approximately 6.5 


HV per in.-lb. of. torque. 
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